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Abstract. The design and construction of a recoil detector for the measurement of recoil protons of
antiproton-proton elastic scattering at scattering angles close to 90◦ are described. The performance of
the recoil detector has been tested in the laboratory with radioactive sources and at COSY with proton
beams by measuring proton-proton elastic scattering. The results of laboratory tests and commissioning
with beam are presented. Excellent energy resolution and proper working performance of the recoil detec-
tor validate the conceptual design of the KOALA experiment at HESR to provide the cross section data
needed to achieve a precise luminosity determination at the PANDA experiment.
PACS. 25.40.Cm Elastic proton scattering – 07.05.Fb Design of experiments – 07.05.Kf Data analysis –
29.40.Wk Solid-state detectors
1 Introduction
The High-Energy Storage Ring (HESR) at the Facility
for Antiproton and Ion Research (FAIR) will deliver high
quality antiproton beams over a momentum range from
1.5 to 15 GeV/c [1]. The PANDA experiment at HESR will
perform high precision investigations of antiproton anni-
hilation on internal proton and nuclear targets to pursue
various topics covering the weak and strong forces, exotic
states of matter and the structure of hadrons [1].
In order to serve the wide physics potential with an-
tiprotons at HESR, PANDA is designed as a general pur-
pose detector covering nearly the complete solid angle for
both charged and neutral particles with good momen-
tum resolution, particle identification capability as well
as excellent vertex determination. In order to determine
the integrated luminosity with a higher precision than 5%
achievable with Schottky measurements [2], a concept for
a luminosity monitor based on measuring elastic scatter-
ing in the Coulomb-nuclear interference region has been
presented [3]. This system is based on tracking the antipro-
tons scattered near the beam axis with a multiple layer
setup based on high-voltage monolithic active pixel sen-
sors (HV-MAPS) [4]. The detector will be located about
10 m downstream from the interaction point and cover
a Corresponding author: h.xu@fz-juelich.de
the polar angle range θ=3–8 mrad. Based on two body
kinematics the squared 4-momentum transfer t can be
determined from the measured polar angle of the elas-
tically scattered antiprotons. Simulation studies indicated
that the precision of the luminosity determination for the
concept is limited by the small acceptance range of the
squared 4-momentum transfer t covered by the detector.
In order to achieve the desired absolute luminosity preci-
sion ∆LL ≤ 3% requested by physics goals [1], it requires
the knowledge of the physics quantities σtot, ρ and b de-
scribing the dependence of the antiproton-proton elastic
cross section on t in the Coulomb-nuclear interference re-
gion. To alleviate the lack of existing data on antiproton-
proton interactions in the momentum region of PANDA,
an independent experiment called KOALA (Key experi-
ment fOr PANDA Luminosity determinAtion) at HESR,
dedicated to the measurement of antiproton-proton elastic
scattering, has been proposed [5].
The KOALA experiment at HESR will measure a large
range of the squared 4-momentum transfer t-distribution
of antiproton-proton elastic scattering in order to deter-
mine the parameters of total cross section σtot, the ratio, ρ,
of the real part to the imaginary part of the forward elas-
tic scattering amplitude and nuclear slope b (see sect. 2.1).
The idea is to measure the scattered beam particles at
forward angles by tracking detectors and the recoil tar-
get protons near 90◦ by energy detectors. The PANDA
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luminosity monitor detector can be used for the forward
measurement and the recoil protons will be measured by a
new recoil detector. The recoil detector will measure both
the kinetic energy and the polar angle of the recoil pro-
tons to achieve a stronger background suppression since t
is directly proportional to the proton’s kinetic energy Tp,
i.e. |t| = 2mpTp.
In order to test the proposed method one of the re-
coil arms of the KOALA experiment at HESR has been
designed and built. It was commissioned at COSY [6] by
measuring proton-proton elastic scattering since the beam
momenta are similar and the recoil particles are the same
for antiproton-proton elastic scattering at HESR and for
proton-proton elastic scattering at COSY.
2 Concept and design of the recoil detector
2.1 Principle of the concept
One classical way to determine the absolute luminosity is
to find a reference channel which has a well known ab-
solute cross section, for example, Bhabha scattering [7]
for e+e− annihilation experiments. However, there is no
ideal reaction for hadronic reactions. Another traditional
method to determine the absolute luminosity is to mea-
sure the rate of elastic scattering. This is related to the
total interaction rate by the optical theorem, which states
that the total cross section is directly proportional to
the imaginary part of the forward elastic scattering am-
plitude extrapolated to zero momentum transfer: σtot =
4pi·Im[(fel(t = 0)]. This idea, for instance, was pursued by
the TOTEM experiment at LHC with an achieved preci-
sion for the absolute luminosity determination of 4% [8,9].
The method of using the optical theorem requires mea-
suring not only the elastic scattering at small polar angles
but also the total interaction rate with high precision. This
method might not give the highest possible precision for
the luminosity determination for the PANDA experiment
due to the limited pseudorapidity coverage, i.e. the maxi-
mum acceptance of 1◦ < θ < 140◦ of the PANDA tracking
detectors [10,11]. Therefore, an alternative method the so-
called Coulomb-normalization is suggested. The Coulomb
cross section of antiproton-proton elastic scattering is suf-
ficiently accurately known. However, Coulomb scattering
is always accompanied by the strong interaction, which is
poorly known. By measuring the antiproton-proton elastic
scattering rate down to the Coulomb dominated region,
e.g. more than 98% of the cross section from Coulomb
scattering, the absolute luminosity can be normalized with
a precision of 2–3% with the following relation between
the measured differential elastic scattering rate dReldt and
luminosity L,
dRel
dt
=
dσel
dt
L. (1)
Technically it is extremely difficult to measure the elas-
tic events in such small t in which the Coulomb scattering
dominates, i.e. |t| <0.0002 (GeV/c)2 or θ <0.15◦, at the
beam momenta relevant for the HESR. Instead of pursuing
PANDA%%Lumi
Recoil%Arm%+%Forward
Recoil%Arm%only%
P = 6.2 GeV/c 
Fig. 1. A simulated t-distribution of antiproton-proton elastic
scattering at 6.2 GeV/c beam momentum. The measurable t
ranges by the PANDA luminosity monitor detector (light blue)
and by the KOALA experiment (red) are indicated.
pure Coulomb scattering it is still possible to determine
the luminosity by analysing the characteristic shape of the
t-distribution in a large range, e.g. 0.0005<|t|<0.1 (GeV/c)2.
The dReldt distribution will be measured by experiment.
The antiproton-proton elastic scattering with conventional
parameterization can be described in terms of the Coulomb
and nuclear amplitudes, fc and fn, by means of dispersion
relations. At small t one obtains [12,13]
dσ
dt
=
pi
k2
∣∣fceiδ + fn∣∣2 = dσc
dt
+
dσint
dt
+
dσn
dt
, (2)
where
dσc
dt
=
4piα2EMG
4(t)(h¯c)2
β2t2
, (3)
dσint
dt
=
αEMσtot
β |t| G
2(t)e−
1
2 b|t|(ρ cos δ + sin δ), (4)
and
dσn
dt
=
σ2tot(1 + ρ
2)e−b|t|
16pi(h¯c)2
. (5)
Here, αEM is the fine structure constant. G(t) is the
proton dipole form factor defined as G(t) = (1 + ∆)−2,
with∆ ≡ |t| /0.71 (GeV/c)2. δ(t) is the Coulomb phase [14],
δ(t) = αEM
[
0.577 + ln
(
b |t|
2
+ 4∆
)
+ 4∆ ln(4∆) + 2∆
]
.
(6)
The Coulomb cross section is a known function of t. The
parameters σtot, ρ and b involved in the parameterisation
of the nuclear and the interference cross section need to
be determined by experiment.
A simulated t-distribution of antiproton-proton elas-
tic scattering with 6.2 GeV/c beam momentum is shown
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Fig. 2. Sketch of the KOALA experiment at HESR.
in Fig. 1. This has been fit in the range of |t|=0.0005–
0.1 (GeV/c)2 by using the formula above. Not only the
luminosity, but also the parameters σtot, ρ and b are deter-
mined with a precision better than 1%. However, limited
by the detector acceptance, the PANDA luminosity mon-
itor can only measure a small range of the t-distribution,
as noted by the light blue dashed lines in Fig. 1. Due to
strong correlations between the fit parameters it is difficult
to determine the luminosity together with the unknown
parameters within such a small range of the t-distribution.
In order to achieve the desired precision of 3% for the lu-
minosity determination it is necessary to measure the 3
parameters. Therefore, the KOALA experiment at HESR
has been proposed to determine the unknown parameters
by measuring a large range of the t-distribution. The t-
range to be measured by the KOALA experiment is also
depicted by the red dashed lines in Fig. 1. The desired
range of the t-distribution will be measured by combining
the measurements of the recoil arm and forward detector.
A sketch of the KOALA experiment at HESR is shown
in Fig. 2. The forward measurement will track the scat-
tered antiprotons, just as the PANDA luminosity monitor.
Therefore, the PANDA luminosity monitor detector [4]
could be employed as the forward arm of the KOALA ex-
periment. In addition, a recoil arm to detect the recoil pro-
tons is needed. In contrast to the forward measurement,
the recoil detector will measure the angle and the energy
of the recoil protons within an angular range (recoil angle
defined as α ≡ 90◦ − θlab) 0◦ < α < 19◦.
2.2 Design of the recoil detector
The measurement goals of the KOALA experiment at
HESR dictate the following design criteria for the recoil
detector.
– The recoil detector should cover the full range of the
expected recoil angles up to α=19◦.
– The recoil detector should be sensitive to the full in-
teraction volume. The interaction volume consists of
the intersection of a cluster jet target of 9 mm trans-
verse width [15] and 1 mm longitudinal thickness [16]
with a perpendicular antiproton beam of about 5 mm
diameter. We refer to the centroid of the interaction
volume as the interaction ”point”.
– The individual elements of the recoil detector should
subtend only a small fraction of recoil angles, ∆α <
0.1◦, from the interaction ”point” because of the rapid
variation of dσeldt in the small t region.
– The energy resolution of the recoil detector should be
better than 30 keV due to the fine granularity of de-
tectors along the beam axis.
– The recoil detector should be able to measure the recoil
protons with energy down to about 600 keV, which
corresponds to |t|=0.001 (GeV/c)2.
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Fig. 3. Schematic view of the recoil detector showing the com-
plete setup which has a movable detector plane in order to
cover the desired range of the recoil angle depending upon the
chosen beam momentum.
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Fig. 4. The kinetic energy of the recoil protons as a function
of the recoil angle at beam momenta P=1.5 and 15 GeV/c,
blue and red, respectively.
Active: 76.8 x 50 mm Active: 80.4 x 50 mm
291.6 mm
11
1.
5 
m
m
Fig. 5. The proposed detector layout (view in the YZ plane)
consisting of 2 silicon strip detectors with 1 mm thickness and
2 germanium strip detectors with 5 and 11 mm thickness.
Considering all these requirements, the recoil detector
assembly has been designed as presented in Fig. 3. With a
movable plate the detector can cover various ranges of re-
coil angle as required for the beam momenta being investi-
gated. The kinetic energy of recoil protons as a function of
the recoil angle at beam momenta P=1.5 and 15 GeV/c is
plotted in Fig. 4. In order to detect the recoil protons with
kinetic energy in the range of 0.6–60 MeV, corresponding
to |t| = 0.001–0.1 (GeV/c)2, 2 silicon strip detectors with
1 mm thickness and 1.2 mm pitch and 2 germanium strip
detectors with 5 and 11 mm thickness and 1.2 mm pitch
have been proposed. Thus, not only the energy but also
the relevant angular information of the recoil protons will
be obtained. As shown in Fig. 5, the silicon and germa-
nium detectors are arranged in two overlapping rows. It is
noted that the different size of the overlapping areas be-
tween the two rows is because of the limited thickness of
the silicon detectors. The 1 mm thick silicon detectors will
measure the recoil protons with energy up to 12 MeV. The
protons with higher energy up to 60 MeV will be measured
by 5 and 11 mm thick germanium detectors. Those detec-
tors will be positioned in a dedicated vacuum chamber
and can be placed at a distance of 70 cm to 120 cm from
the interaction point, depending upon the momentum of
the HESR beam.
3 Construction of the recoil detector
3.1 Energy detector
A picture of the recoil detector as used for the commis-
sioning is shown in Fig. 6. Two silicon strip sensors pro-
duced by MICRON [17] with customized dimensions of
76.8 mm (length) x 50 mm (width) x 1 mm (thickness)
have been placed at about 1 m from the target to cover
the recoil angles, α=0◦–5.7◦. This corresponds to the re-
gion in which the silicon detector can stop the recoil pro-
tons with energies up to 12 MeV. Each silicon detector
has 64 strips with 1.2 mm pitch. The silicon sensors were
glued on ceramic frames which have been screwed to the
aluminium detector holder. In addition, two germanium
strip detectors produced by SEMIKON [18] with 5 and 11
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Fig. 6. Recoil detector assembled for a beam test at COSY.
The two germanium detector with gold plated copper frames
are fixed at the right side of the copper cold plate and two
silicon detectors are located at the left side.
mm thickness have been set up in 2 rows as well. They can
measure the recoil protons with energies up to 60 MeV.
Both germanium detectors have a strip width of 1.2 mm
and offer 67 readout strips in a sensitive area of 80.4 mm
(length) x 50 mm (width). Each germanium detector has
been fabricated on a gold plated copper frame, which en-
ables excellent thermal conductivity.
The detector strips have been wire-bonded to an adap-
tor PCB board for signal readout. A standard 3M four wall
header with 34 pins has been employed as a socket on the
PCB board for the further readout cabling. All detectors
have been fixed to the copper cold plate with indium foil
to ensure good thermal conduction. Each detector has a
PT100 sensor integrated in its holder to monitor the op-
erating temperature.
3.2 Detector chamber
The detector chamber added to the existing target cham-
ber [19] for the tests with COSY beam is drawn in Fig. 7.
Due to space limitations and the restricted opening an-
gle of the target chamber, the detector is held at a fixed
location for the commissioning. The detector plate is lo-
cated horizontally at a distance of 1 m from the interaction
point. With an optimal design all detectors as well as the
cold plate are integrated on one main flange as presented
in Fig. 6. The detector chamber is typically operated at the
vacuum pressure of 10−8 mbar for beam tests. One gate
valve has been installed between the recoil detector cham-
ber and the target chamber to enable maintenance on the
recoil detector chamber without breaking the COSY vac-
uum. A linear motion feed-through rod has been added
to the chamber to hold an alpha radioactive source for
calibrating and monitoring the detectors.
Beam 
Target	  flange 
Cold	  
plate 
~1 m 
Fig. 7. Detector chamber (right) designed to match the exist-
ing target chamber (left).
3.3 Temperature control
A pulse tube PT30 Cryorefrigerator from CRYOMECH [20]
with maximum cooling power of 30 W at 70 K has been
employed to cool the detector system. The cold plate of
the detectors has been coupled by flexible copper bands to
the cold head in order to reduce vibrations from the cold
head. Tests of the PT30 Cryorefrigerator showed that it
took about 25 minutes to reach 50 K without any load.
Further integration tests have proven that there was no
significant influence from vibration of the cold head on
the detector performance.
A high precision Lake Shore Model 336 temperature
controller [21] has been chosen for the temperature mea-
surement and control. It provides a maximum heating
power of 100 W on channel 1 and a 50 W heating output
of channel 2. Two 50 ohm heating resistors were mounted
on the cold plate to adjust the temperature of the recoil
detector. The reference temperature for the LSM-336 tem-
perature controller was provided by two PT100 sensors
fixed on the cold plate. Another four PT100 sensors were
integrated on the detector holders to be monitored by the
LSM-336 controller. The temperature differences between
the PT100 sensors on the cold plate and on the germanium
detector holders were less than 0.6 K, which is consistent
with the feature of a PT100 sensor. The temperature con-
troller was remotely accessed and controlled via internet.
With the combination of the PT30 Cryorefrigerator and
the LSM-336 temperature controller the working tempera-
ture of the recoil detector could be set to any desired value
in the range of 70–300 K. The excellent performance of the
temperature control system enabled convenient operation
of the recoil detector system during the experiment.
3.4 FEE and DAQ
Electronics modules provided by MESYTEC [22] have
been selected for the signal readout of the silicon and ger-
6 Q. Hu etc.: A recoil detector for the measurement of the antiproton-proton elastic scattering at angles close to 90◦
Temperature (K)
70 80 90 100 110 120 130 140
Cu
rr
en
t (
nA
)
0
5
10
15
20
25
30
Si#1@60V
Si#2@100V
Ge#1@300V
Ge#2@900V
Fig. 8. Detector current versus operating temperature.
manium strip detectors. To read out all strips and the
rear sides of the detectors, a total readout of 180 sig-
nal channels has been implemented for the commission-
ing experiment. The Si#1 detector had 48 readout chan-
nels which consisted of the first 32 single strips readout
and the remaining 32 strips which were read out pairwise
by the remaining 16 channels. All 64 strips of Si#2 were
read out individually. Each germanium detector had 32
readout channels. The MPR16 and MSCF16 used for the
strip readout are 16 channel preamplifiers and shaping am-
plifiers, respectively. A single channel preamplifier MPR1
was used to set bias voltage and read out the rear side of
the detectors. The 32 channel MADC32 is a typical peak
sensing ADC for energy measurement.
A customised eight channel ISEG [23] high voltage
module EMS 82x1p-FSHV has been employed for provid-
ing the bias for the detectors. The first four channels with
500 V maximum output and the remaining four channels
with 2000 V maximum output were dedicated to supply
the bias voltages for the silicon and germanium detectors,
respectively. The remote control via internet for the mod-
ule integrated in an MPod crate has been realised with
the Tcl/Tk programming language on a linux system.
A VME based DAQ system with common EMS frame-
work [24, 25] for COSY experiments has been established
for the detector laboratory tests and the commissioning
experiment at COSY. All of the relevant hardware includ-
ing a VME crate, peak sensing ADCs, a scaler module as
well as a computer have been integrated into the data ac-
quisition system. An online monitoring program dedicated
to the commissioning experiment has been developed.
4 Laboratory tests
Prior to the final assembly of the detector system, single
detector checks have been performed with a test chamber
including a liquid nitrogen dewar. The tests implemented
for the silicon detectors consisted of a measurement of
current versus voltage as well as response to an alpha ra-
dioactive source. The behaviour of the silicon detectors at
ADC
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Fig. 9. ADC energy spectra with a 244Cm alpha source on the
rear side (upper) and the energy resolution for 2 strips as well
as the rear side (lower) of the Ge#2 (11 mm thick) detector at
various working temperature.
300 K and 105 K was consistent with expectations. The
leakage current of the silicon detectors significantly de-
creased when they were cooled to 105 K. The current of
the silicon detectors versus operating temperature in the
range of 70–140 K is shown in Fig. 8. Germanium detec-
tors are in general operated at temperature of 77–100 K
by using liquid nitrogen. The response of the germanium
detectors has been examined at 100 K by using an alpha
radioactive source. After inspecting all single detectors,
the final assembly was made. To obtain precise energy
measurement on the strips and rear side of the detectors,
special efforts have been put into the working temperature
and the energy calibration of the detectors.
4.1 Working temperature of the germanium detectors
One of the laboratory tests was to adjust the working tem-
perature of the detector system in order to achieve the
best energy resolution of the germanium detectors. Using
a 244Cm alpha radioactive source, the energy resolution of
the germanium detectors as a function of the working tem-
perature has been measured in steps of 5 K. It was found
that the germanium detectors have better performance at
higher temperatures. The energy resolution of the strips
has improved while the signal amplitude increased. How-
ever, the leakage current of the germanium detectors in-
creased rapidly above about 120 K, as shown in Fig. 8. As
a consequence, the energy resolution on the detector rear
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Fig. 10. Effective alpha energy deposited in each strip of the
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side deteriorated above about 130 K. The ADC spectra
of the alpha energy on the rear side of the Ge#2 detector
at various working temperatures is displayed in the upper
plot of Fig. 9. The lower plot of Fig. 9 shows the energy
resolution for two strips and the rear side. It is clearly seen
that the amplitude increases and the energy resolution im-
proves not only on the strips but also on the rear side with
increasing temperature until about 125 K. Those tests also
showed that the silicon detectors had higher signal ampli-
tude when the working temperature increased from 85 K
to 135 K. However, no further improvement on the energy
resolution of the strips could be found. Thus, 125 K was
adopted as the working temperature for the recoil detector
system.
With these operation conditions, energy resolutions
better than 20 keV and 30 keV (FWHM) for the silicon
and germanium strips have been achieved, respectively.
The performance of both types of detectors fulfils the de-
sign specifications.
4.2 Energy calibration
The energy calibration of the detectors was based on the
known decay energies of radioactive sources and the pulse
height linearity of the electronics. The silicon detectors
have excellent energy resolution and an ultra-thin nominal
window layer (<0.1 µm), therefore, the energy calibration
of the silicon detectors has been determined by using the
2 known alpha energies of 5.763 MeV and 5.805 MeV from
a 244Cm source.
The germanium detectors have a nominal dead layout
of about 1 µm on the strips, which results in a worse en-
ergy resolution of the germanium strips than the silicon
strips. As a consequence the method mentioned above was
not used to calibrate the germanium detectors. Alterna-
tively, the germanium detector was calibrated by deter-
mining the effective energy that was deposited by alpha
particle in the strips. The effective energy is the ”remain-
ing” energy of the alpha particles after passing through
the dead layer of the detectors. We rely on the measured
energies of the gamma rays from the radioactive sources
of 137Cs with 662 keV and 60Co with 1.173 MeV and
1.332 MeV to be equal to the nominal energies since gamma
rays have little sensitivity to the dead layer of the de-
tectors. With the benefit of the excellent linearity of the
electronics, the effective energy was determined by extrap-
olating the measured gamma energies to the measured
amplitude of alpha particles from the source 244Cm. The
measurements indicated that the effective dead layers of
Ge#1 and Ge#2 are about 0.7 µm and about 0.4 µm,
respectively. Fig. 10 shows the effective energy of alpha
particle with nominal energy of 5.805 MeV deposited in
each strip of the germanium detectors. The effective en-
ergies on Ge#1 and Ge#2 converge at high strip num-
bers due to the effects of the increasing incident angles
of alpha particles on Ge#2. After additional tests with a
different gain setting of the electronics it was found that
the precision of the energy calibration for the silicon and
germanium detectors was better than 1%.
5 Beam tests
The main goals of the tests with proton beams were to
prove the validity of the detector concept and to study the
detector response to the recoil protons, in particular for
the following features: the minimum measurable proton
energy, the precision of the energy measurement and the
background suppression. The recoil detector was installed
for a beam test at the existing hydrogen cluster target
station of the ANKE experiment [19] inside of the COSY
ring.
5.1 Hydrogen cluster target and beam
The existing hydrogen cluster-jet target at the ANKE tar-
get station in the COSY ring was used for the commission-
ing experiment.
– Target specification
In order to be consistent with the design requirements
of the KOALA experiment, the cluster beam thickness
along the beam axis should be less than 1 mm. The
width of the cluster beam on the plane normal to the
beam axis was about 9 mm [15]. The desired cluster
beam dimension was achieved with a customised col-
limator [26]. Another important feature of the target
is the areal density, which was estimated to be 1014
atoms/cm2 in this specific configuration.
– Maximum recoil angle
The maximum recoil angle is the essential limit for the
measurement of the t-distribution. Fortunately, the ex-
isting target chamber at ANKE allowed a maximum
recoil angle of 13.6◦, which just meets the desired an-
gular range for 3.2 GeV/c beam momentum.
During the recoil detector commissioning, the COSY
ring was operated with about 1010 protons in the ring and
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Fig. 11. Raw energy spectra measured by all 4 detectors.
a 5 mm beam diameter at the target position. A beam
cycle with a flat top duration of 5 minutes was used for
data taking.
5.2 Data taking
Data of the proton-proton elastic scattering at the beam
momenta of 1.7, 2.5, 2.8 and 3.2 GeV/c have been taken
in two separate measurement weeks. The recoil detector
system worked properly during the whole beam time. The
raw energy spectra measured by the 4 detectors at a beam
momentum of 3.2 GeV/c are presented in Fig. 11. The
bands of energy deposition in the various strips corre-
sponding to elastic scattering was clearly observed. It can
also be seen that the fraction of counts under the bands
on the strips of the germanium detectors increased. This
was dominated by events where more than one strip fired
due to the higher energy and larger recoil angle.
5.3 Analysis and results
The data analysis presented here was used to evaluate
the data quality and to answer key questions which are
essential to validate the proposed KOALA experiment.
All following results are based on the data sample at a
beam momentum of 3.2 GeV/c.
Fig. 12. The multiplicity distribution of clusters.
5.3.1 Clustering algorithm
An energy clustering algorithm has been implemented in
order to reconstruct the proton energy deposited in more
than one detector strip. An energy cluster consists of all
relevant neighbouring strips in which the deposited energy
is above a specific, strip dependent, threshold. The total
energy of each event has been reconstructed based on the
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Fig. 13. The energy spectrum before and after clustering.
energy of the cluster. The hit distribution for all clusters
for each detector is plotted in Fig. 12. As expected the
strip multiplicity of incident particles on the germanium
detectors is higher than on the silicon detectors due to the
higher energy and the larger recoil angle. Most of the de-
tectors had average multiplicities just above 1 except for
Ge#2 which had a large fraction of events with multiplic-
ity 2. There were very few events with multiplicity 3, or
higher.
After having performed the clustering, a preliminary
energy spectrum over the full range of measurable recoil
angles has been plotted in the lower part of Fig. 13. In
contrast to the energy spectrum before clustering shown
in the upper part of Fig. 13, it is demonstrated that the
energies of events with multiplicity greater than 1 have
been well reconstructed. The blank pattern on the lower
right corner of the plot after clustering is the consequence
of the variable threshold for the clustering algorithm.
5.3.2 Preliminary energy curve
In order to assess the precision of the measured energy of
the recoil protons, a preliminary energy curve as a func-
tion of recoil angle is shown in the upper plot of Fig. 14.
The measured energy in red is almost overlapping the cal-
culated ideal energy in blue. The lower picture of Fig. 14
shows the ratio of the measured energy to the ideal en-
ergy. The small discrepancy up to 2% between the spec-
tra is considered to be due to several small effects, such
as detector alignment and beam target position, which
will be corrected in further analysis. Taking the calibra-
tion precision into account, a precision of about 1% of the
measured energies of the recoil protons can be expected
after correcting the small effects mentioned above.
Fig. 14. (upper part) The blue and red (a succession of data
points) solid line show the ideal energy curve and measured en-
ergy of recoil protons as a function of recoil angle, respectively.
The ratio between the measured energy in a given strip to its
corresponding ideal energy is presented in the lower part.
5.3.3 Detector energy threshold
The detector energy threshold is the minimum energy of
the recoil protons for which the elastically scattered pro-
tons can be identified. It appears as the background signal
rate becomes comparable or even higher than the signal
in the small recoil angle region. The criteria to evaluate
the energy threshold is to judge whether the proton signal
is separable from the background. Fig. 15 shows a plot of
energy (after clustering) versus strip number measured by
the first silicon detector at the smallest recoil angle as well
as two single strip energy spectra. The two arrows on the
energy plot of Si#1 point to the strips No. 4 and No. 20.
The lower left histogram of Fig. 15 shows a clear recoil
proton energy distribution on strip No. 4, which is com-
pletely separated from the background. The narrow width
of the energy spectrum was dominated by the small strip
width as well as the thin target. The background has been
suppressed by the clustering algorithm. The lower right
corner of Fig. 15 depicts that the proton’s energy mea-
sured by strip No. 20 partially overlaps the background.
Therefore, the clustering algorithm was not able to easily
separate the signal from the background. It indicates that
it will be difficult to separate the interesting proton sig-
nal from the background when the recoil proton energy is
lower than 600 keV. A coincidence with the forward mea-
surement should enable a lower detector energy threshold.
This can be expected when the full setup of the KOALA
experiment at HESR is available.
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Fig. 15. (upper) Histogram of proton energy versus strip num-
ber of the first silicon detector, which is in the small recoil angle
region. The lower histograms present the energy histograms of
strip No. 4 (lower left) and No. 20 (lower right). These strips
are marked by the red arrows in the upper frame.
6 Conclusion and outlook
In order to test the method proposed for the KOALA ex-
periment at HESR, a recoil detector to measure the recoil
protons of antiproton-proton elastic scattering at scatter-
ing angles close to 90◦ has been designed and built. Lab-
oratory tests have demonstrated that the performance of
the recoil detector meets the experimental requirements.
Excellent energy resolution better than 20 keV and 30
keV (FWHM) of the silicon strip detectors and germanium
strip detectors have been achieved, respectively. Proton-
proton elastic scattering has been measured at COSY. The
detector system was working properly. No observation of a
variance of the leakage current as well as the energy resolu-
tion of the detectors was found during the beam test. The
measured energy of the recoil protons is in good agreement
with the expected energy. The preliminary result shows a
discrepancy between measured and ideal energy smaller
than 2%. The recoil detector has also shown a good back-
ground suppression capability. Even without requiring a
coincidence with the forward scattered proton, an energy
threshold of 600 keV for the recoil protons was achieved.
All these results validated the concept of the KOALA ex-
periment at HESR.
Further data analysis is going on to reconstruct the t-
distribution. In order to achieve the best precision on the
t-distribution, the detector alignment as well as simulation
studies on the beam-target overlap position are being per-
formed. The luminosity and elastic scattering parameters
will be determined when the t-distribution is available. A
coincidence between the recoil detector and the forward
measurement will lower the energy threshold, and thus
the minimum t value measurable. This will be realised by
the full setup of the KOALA experiment at HESR.
We are grateful to the COSY crew who installed the device into
the COSY ring and provided proton beams for tests. We owe
the ANKE collaboration who allowed the installation of the
recoil detector chamber at their target station for a beam test.
Special thanks for S. Mikirtytchiants, who gave the excellent
support to find the optimal beam-target overlap. Many thanks
are dedicated to D. Chiladze for the Schottky measurements.
This work was performed for part of the PhD thesis of Qiang
Hu.
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